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PDGF signal can be a potent target of vascular normalization therapy for glioma 
( PDGF シグナルは神経膠腫に対する血管正常化療法の強力な標的となり得る)  
Objectives: Glioblastoma (GBM) is a refractory malignancy that occurs in the adult cerebrum. 
Despite various treatments, recurrence is repeated and the prognosis is extremely poor. 
Therefore, there is a strong demand for the development of therapeutic methods for 
improving prognosis. Glioblastomas are rich in blood vessels that show structural 
abnormalities and excessive leakage of plasma components. In recent years, the normalization 
of these aberrant tumor vessels is expected to improve the effect of chemoradiation therapy 
and prolong the survival of the patients. Platelet-derived growth factor (PDGF) is a pro-
angiogenic factor often highly expressed in GBM. Our previous studies have shown that the 
signal via PDGF alpha receptor (PDGFRα) may be involved in vascular normalization of GBM. 
Therefore, in the present study, the role of PDGFRs were further examined, and sought for 
the possible contribution of PDGFR signal inactivation for the vascular normalization 
therapy. 
Methods: All experimental animal procedures were approved by the Committee for 
Institutional Animal Care and Use at the University of Toyama before starting the experiments. 
Mouse glioma cells with stable PDGF-BB synthesis (GL261-PDGF-BB) were prepared 
after the transfection of PDGF-B and enhanced green fluorescence protein (EGFP) expressing 
vector in to GL261 glioma cells. The growth of these cells was measured by MTT assay in 
vitro. The synthesis of PDGF-BB was evaluated by Enzyme-Linked Immuno Sorbent Assay 
(ELISA). 
For the glioma implantation study, 8- to 12-week-old male mice were used. GL261-PDGF-
BB (1.0 × 105 cells in 1.0 µL) were implanted into the mouse brains with the systemic 
inactivation of platelet-derived growth factor (PDGF) receptor-alpha (Pdgfra) and/or Pdgfrb 
genes (α-KO, β-KO, and αβ-KO mice) and those of control Flox mice with intact Pdgfr genes. 
Inactivation of these genes was induced by orally administrated tamoxifen via the activation of 
globally expressed tamoxifen-inducible Cre recombinase. 
Histological sections prepared from glioma were used for the following analyses. The 
tumor volume (mm3) was estimated on the basis of the tissue sections prepared from largest cut 
surface of each tumor using the following equation: volume = 4/3    long axis  short axis2. 
Vascular structure was estimated by regular distribution of desmin+ pericytes with an intimate 
spatial correlation with endothelial cells in normal vessels, and loosely arranged desmin+ 
pericytes in stratified structures without intimate spatial correlation with endothelial cells in 
abnormal tumor vessels. The vascular leakage was estimated by the deposition of extravasated 
macromolecular IgG of 150 kDa by immunohistochemistry. Transvascular transport of micro-
molecules were examined by the retention within parenchyma of glioma of intravenously 
administrated cadaverine (Alexa Fluor® 555-conjugated, 950 Da). The growth suppressing 
effects of MGCD-265 (anti-VEGFR reagent) and temozolomide (alkylating anti-cancer drug) 
were examined in implanted glioma. Statistical significance was determined using the Student’s 
t-test. Results were considered statistically significant at P-values below 0.05. Quantified data 
are presented as the mean ± standard error of the mean (SEM). 
Results: The GL261-BB cells uniformly expressed reporter fluorescence protein of EGFP and 
secreted PDGF-BB into culture media in vitro. EGFP expression and PDGF-BB secretion were 
negligible in GL261 cells. The growth of GL261-BB cells in vitro was suppressed by 
temozolomide.  
Pdgfra inactivation largely suppressed the leakage of IgG and normalized vascular 
structure in the tumor parenchyma in -KO mice. The Pdgfrb inactivation dilated tumor blood 
vessels but did not affect IgG leakage in -KO mice. The tumor volume was not significantly 
affected regardless of which Pdgfr gene was inactivated. The dual inactivation of two Pdgfr 
genes showed additive effects for each Pdgfr gene inhibition. Resultantly, tumor blood vessels 
were dilated with a normal vascular structure and with decreased IgG leakage in -KO mice. 
The transvascular transport of micro molecular cadaverine was increased in -KO mice than 
that in -KO and Flox mice. The tumor volume was adversely enlarged in -KO mice than 
that in Flox mice. The VEGF-A producing astrocytes were abundant in the close vicinity of 
glioma in -KO mice than in Flox mice. The glioma growth was largely suppressed by anti-
VEGF treatment in -KO mice. Therefore, this glioma enlargement was largely depending on 
VEGF signal in -KO mice. When compared with untreated glioma within the same genotype, 
the percentage of tumor growth arrest was significantly enhanced after temozolomide treatment 
in -KO mice than in -KO and Flox mice. The paracrine PDGFR signal can be an important 
therapeutic target of the vascular normalization strategy for GBM. 
Conclusions: In summary, the present study systematically analyzed the paracrine PDGF signal 
in the vascular normalization therapy in an implantation model of PDGF-BB producing glioma. 
The dual inactivation of Pdgfr genes clearly mediated vascular changes necessary to achieve 
therapeutic effects, such like normalization of vascular barrier function and improved vascular 
perfusion. As a result, the responsiveness to anti-cancer drugs was improved; however, the 
tumor growth was adversely increased. Therefore, the trade-off between vascular normalization 
and tumor growth is the key technical limitation in this study. PDGF signals were indicated as 
potential targets of vascular normalization therapy against GBM, although further studies will 










由来増殖因子 (platelet-derived growth factor: PDGF) は、GBMでしばしば強い発現がみられる血
管新生促進因子である。最近 Sang氏の所属研究室から、PDGFアルファ受容(PDGFRα) を介したシ
グナルが GBMの血管正常化に関与する可能性が報告された。そこで今回 Sang氏は、PDGFR ノッ






 マウス由来グリオーマGL261細胞株にPDGF-Bとenhanced green fluorescent protein (EGFP) を構成
的に発現するように仕組まれた発現ベクターをトランスフェクションし、クローン化したマウスグリオーマ
細胞 (GL261-BB) を得た。GL261-BBに対し、増殖能を確認するためin vitroでMTTアッセイを行っ
た。 また、PDGF‐BBの発現は酵素結合免疫吸着法により評価した。 
 PDGFRα遺伝子 (Pdgfra) やPDGFRβ遺伝子 (Pdgfrb) を単独または同時に全身性にノックアウト




性ペリサイトと内皮細胞の分布様式)、③血管壁からの高分子量物質 (IgG) の漏出 (血管周囲に沈
着したIgGを免疫組織化学的に評価)、④抗がん剤相当の低分子量物質のGBM実質内移行性 (静
脈内に投与したAlexa 555標識カダベリンのGL261-BB実質内貯留を評価)、⑤移植したGL261-BBに
対するテモゾロミド (アルキル化抗がん剤) とMGCD-265 (VEGFR阻害薬) の増殖抑制効果などを
解析した。 
 
 
【結果】 
GL261‐BB細胞はEGFPのレポーター蛍光蛋白質を発現し、in vitroの培養下で PDGF‐BBを
分泌した。親株のGL261細胞でのEGFP発現およびPDGF-BB分泌は測定限界以下であった。テ
モゾロミドはGL261-BB細胞のin vitroでの増殖を抑制した。 
Floxマウスでは腫瘍血管の壁構造が異常で、IgGの漏出が高度であった。α-KOマウスでは血
管構造が正常化され、IgGの漏出が抑制された。β-KOマウスでは血管が拡張し、IgGの漏出は
Floxマウス同様に高度であった。αβ-KOマウスではこれらの二種類のPdgfr遺伝子ノックアウト
効果が相加的に現れ、腫瘍血管壁構造の正常化、IgG漏出の抑制および血管拡張がみられた。
カダベリンの腫瘍内貯留はα-KOおよびFloxマウスよりもαβ-KOマウスで増加し、これと一致し
て、テモゾロミドによる最大の腫瘍抑制効果はαβ-KOマウスで見られた。一方腫瘍体積は、Flox
マウスと比較してα-KOマウスとβ-KOマウスでは有意差はなかったが、αβ-KOマウスで増大し
ていた。この増大には、腫瘍周囲の反応性アストロサイトから産生されるVEGF-Aが腫瘍血管
内皮細胞を刺激する経路が関与していた。 
 
【総括】 
本研究でSang氏は、PDGF-BB産生グリオーマのマウス移植モデルを用い、血管正常化療法
におけるパラクラインPDGFシグナルを系統的に解析した。その結果、①Pdgfra遺伝子をノッ
クアウトすると血管構造が正常化し高分子量物質 (IgG) の漏出が抑制されること、②Pdgfrb
遺伝子をノックアウトすると血管拡張が生じること、③両Pdgfr遺伝子を同時にノックアウト
すると単独ノックアウト効果が相加的に現れ、腫瘍血管バリア機能の正常化や低分子量物質 
(カダベリン) の腫瘍実質移行性の改善がもたらされること、またこれにより抗がん剤（テモゾ
ロミド）による治療効果が向上することなどを明らかにした。しかし両Pdgfr遺伝子の同時ノ
ックアウトでは、腫瘍の増殖自体はむしろ増加したことより、血管の正常化療法と腫瘍増殖と
の間にはトレードオフがあることがわかり、PDGFシグナルの不活性化を介した血管正常化療
法の臨床応用に向けて今後解決すべき点も浮き彫りにされた。 
 本研究で、GBMからのパラクライン刺激によるPDGFRシグナルの活性化が血管正常化療法
の重要な阻害標的となり得ることを明らかにした点は、新規性があり、かつ、医学における学
術的重要性も高い。またこの研究の成果は、GBMに対する血管正常化療法を確立する上で基
盤となる重要な知見であり、今後の臨床的発展性も期待できる。 
以上より本審査会は、本論文を博士（医学）の学位に十分値すると判断した。 
